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(54) Method of applying solvent to a fluid system 

(57) To control a solvent composition in a supercrit- 
ical fluid system, a first pump pumps a first solvent 
through a first conduit into a mixer and a second pump 
pumps a second solvent through a second condurt into 
the mixer. First and second transducers measure the 
pressure in the first and second conduits and generate 
first and second signals proportional to the pressures. 
Each pressure signal is multiplied by a corresponding 
programmed concentration signal and compared to the 
programmed pressure in a feedback system to generate 
an error signal. The error signal is multiplied by concen- 
tration signals from a programmer to control the pump- 
ing rate of each pump. The pumps pressurize each fluid 
one at a time a1 the start of a run. The pressurization 
process is also used for producing disturbance-free flow 
as delivery is changed from one pump to another during 
prolonged runs. 
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Description 

This invention relates to multiple pump fluid delivery 
systems, such as for example, systems used to deliver 
multiple different solvents to columns in gradient elution s 
liquid chromatography or to pressure vessels in fluid 
extraction or systems used to switch the outlet flow from 
one syringe pump to another to provide continuous flow 
without interruption or fluid disturl>ance. 

In one class of multiple pump fluid delivery system, io 
an effort is made to control the pressure of the fluids 
delivered to a vessel or column and in some such pres- 
sure controlled systems to also control the composition 
such as for example the ratio of the different fluids. In 
some such systems using controlled pressure and com- is 
position, the flow rate is controlled from each of a plural- 
ity of different pumps. The pressure is measured by 
transducers and one or more signals fed back to control 
the pumping motors and thus to maintain the proper 
flow rate for the desired composition and the proper so 
pressure. These systems are of particular significance 
in supercritical fluid chromatography and supercritical 
fluid extraction systems using multiple solvents. 

In one prior art system of this type, disclosed in U.S. 
patent 5,071,562, two syringe pumps for two different 25 
fluids are independently controlled for flow rate by a gra- 
dient controller and the pressures are equalized 
between the two pumps by a mechanical mixer which 
permits only the first or primary fluid to flow at the pro- 
grammed rate while the second pump under program so 
control builds up pressure to equal the pressure of the 
first pump so that a uniform pressure is applied to the 
fluids mixed in the mixer as they flow to the chromato- 
graphic column. The pressure equalizing mechanism is 
combined in mechanical structure with the mixer. 35 

This system is relatively complex and suitable for 
only two pumps. It is known to control instability using 
feedback circuitry One such system which controls 
transient instability in a single fluid flow system including 
a syringe pump is disclosed in U.S. patent 4.043.906 to 40 
Helmer. This system utilizes a multiple degree feedback 
system to provide adequate damping against tran- 
sients. There is no disclosure of how to adapt this sys- 
tem to a multiple solvent system which controls 
pressure so as to maintain stability while at the same 4s 
time providing the proper conrposition. This is a particu- 
larly significant problem when using supercritical fluids 
because of their compressibility 

In another prior art system, disclosed in United 
States patent 4,347,131 filed in the name of Brownlee, 50 
a continuously flowing pumping system with mechani- 
cally operated valves is disclosed. This system uses two 
syringe pumps which operate reciprocally However, 
there is no disclosure on how the valves or other parts 
of the system may be automatically operated to transfer 55 
flow from one pump to another without disturbance. A 
similar pump has been sold commercially in the United 
States by Ghromatramix, Inc. 

Generally, pressure transducers are not well 



enough matched in accuracy to measure pressure at 
multiple points in the fluid system to be used to control 
valves automatically for the prevention of the transfer of 
fluid flow from one pump to the next without distur- 
bance. 

It is a task of the invention to provide a multiple liq- 
uid delivery system without a high-precision, pressure 
transducer for monitoring the mixture of liquids and only 
one pressure transducer of ordinary precision monitor- 
ing each of the components being pumped into the mix- 
ture. 

To accomplish this task, a fluid control system com- 
prises at least first and second pumps each pumping 
from a different source. Each of the first and second 
pumps has corresponding first and second pump outlet 
conduits. Means are provided for combining the fluid 
flowing from the first and second conduits to obtain a 
combined fluid stream. 

The system is characterized by: (1) circuit means 
for obtaining a first signal representing a pressure of the 
combined fluids; (2) means for comparing the first signal 
with a reference pressure signal to obtain an error sig- 
nal; (3) program means for generating a second signal 
representing a programmed concentration of the first 
fluid to be pumped by said first pump means into said 
first conduit in the combined fluids and for generating a 
third signal representing a programmed concentration 
of the second fluid in the combined fluids to be pumped 
by said second pump means into said second conduit; 
(4) means for multiplying the error signal by the second 
signal to otrtain a fourth signal and for using said fourth 
signal to control a pumping rate of the first pump means; 
and (5) means for multiplying said error signal by said 
third signal to obtain a fifth signal and lor using the fifth 
signal to control a flow rate of said second pump means, 
whereby the concentration and pressure of said com- 
bined fluids is controlled. 

Advantageously the circuit means includes a first 
transducer means positioned to measure the pressure 
in the first outlet conduit of said first pump means. More- 
over, the system includes means for multiplying said 
pressure signal by said third signal, second transducer 
means for measuring the outlet pressure of said second 
pump means, means for multiplying a signal from said 
second transducer means by the fourth signal, and 
means for combining said third and fourth signals, 
whereby a signal representing the pressure of the com- 
bined flow rates is obtained from pressure signals at the 
outlet of each of a plurality of pumps. 

A first valve is in a flow circuit between said means 
for combining fluid flow and an apparatus utilizing the 
fluid and there is means for dosing said valve during 
start-up of the fluid control system. A second valve com- 
municates with an outlet of the apparatus for utilizing 
said fluids and is adapted to be closed during a second 
stage of the start-up procedure of said fluid control sys- 
tem. 

A first check valve is connected to said first outlet 
conduit downstream of said means for obtaining a first 
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signal and upstream of said means for combining fluid 
flow from said first and second conduits and a second 
check valve means communicatee with said second 
outlet conduit downstream from said means for obtain- 
ing a second signal and upstream from said means for 5 
combining fluids, whereby said first and second check 
valves permit flow from said first and second outlet con- 
duit means into said means for combining fluids and 
restrict flow from said means for combining fluids to said 
first and second pump means respectively. w 

Detection means detects when said first outlet con- 
duit reaches the programmed pressure and begins an 
increase in pressure in said second outlet conduit. 
There is provided means for detecting a eudden change 
in a characteristic of the pressure from one of said first is 
and second transducers, whereby an opening of a 
check valve is detected. The detected opening of a 
check valve causes the speed of a corresponding pump 
to be changed to a programmed pumping rate. 

Means are provided for causing delivery pressures 20 
of at least two o1 said pumps to match by detecting that 
their corresponding check valves to a common fluid port 
have opened and means are provided for adjusting the 
pressures signals of a plurality transducers to match 
while the pumps are known to be at the same delivery 25 
pressure, wherein the pressure matching information is 
used to shorten the time and improve the accuracy of 
pressure matching for the purpose of equilibrating pres- 
sures from pump stroke to pump stroke in a multiple 
pump f lukl delivery system. so 

A tack-flow-preventing check valve is included 
between the pump fluid outlet and the mixer on all but 
one of the pumps which is the primary fluid delivery 
pump, and means are provided to control the pressuri- 
sation of saKi pumps so as to ramp the pressures of the 3s 
secondary pumps to match the pressure of the primary 
fluid delivery pump. The system includes pressure 
transducer means provided for measuring the pressure 
in the common mixing conduit downstream of the back- 
flow-preventing check valves and for generating a signal 40 
proportional to the pressure. Means are provided for 
detecting fluctuations of said pressure signal, indicating 
the pressure equalization of a secondary pump, and 
means are provided to control the fluid delivery of the 
pumps at a controlled pressure or flow rate after the 4S 
pressure are detected to be equal. 

The method of applying solvent to a fluid system 
comprises applying a first fluid from a first pump to a 
valve located upstream of the fluid system until pressure 
in the flow path reaches a predetermined setpoint pres- so 
sure value. This method is characterized by controlling 
the pressure of the first fluid by a feedback circuit from a 
transducer in the flow path between a second pump and 
the valve at said setpoint pressure, automatically open- 
ing said valve to permit the flow to the downstream side 55 
of said fluid system, and pumping fluid until pressure 
has stabilized and continuing the pumping until the 
process is completed. 

The fluid downstream of said fluid system is 



blocked with a second valve, a second fluid is pumped 
to a pressure a predetermined increment of pressure 
below a preset pressure; said second valve is opened; 
and the pressure of said second fluid Is increased to 
said preset pressure value, wherein the pressure of said 
second fluid is controlled by a feedback system having 
a transducer in the flow path between the second pump 
and said first valve. The first and second fluids are 
pumped in either a constant flow mode or a constant 
pressure mode after said first and second fluids are 
flowing and said second valve has been opened. 

More specifically, a pressure signal is multiplied in a 
conduit between sakJ second pump and said first valve 
by a programmed proportion of final fluid mixture to be 
sent to the system which is a ratio of said second f lukJ to 
the programmed total fluid to form a product, the prod- 
uct is compared to the setpoint value and the pumping 
rate of pumping of said first pump is controlled with an 
error signal from the comparison multiplied by the pro- 
portton of said first fluid to the total fluid to control the 
second pump. 

A multiple fluid delivery system includes a plurality 
of pumps pumping a plurality of different fluids into a 
mixer under the control of a gradient control system that 
controls the proportions of the fluids. The pressure of 
each flow stream is monitored on the upstream side of 
a check valve and the monitored pressure used to pro- 
vide feedback to control the pumping rates in accord- 
ance with both the composition of the final solution and 
the pressure. A valve is connected in the conduit com- 
municating with the inlet port of the column or extraction 
vessel and a different valve is connected in the conduit 
communicating with the outlet port of the column or 
extraction vessel. 

Thus, the speed of pumping is controlled for each of 
the pumps to provide the proper composition, with initial 
amounts of fluid being controlled to provide the pro- 
grammed pressure without fluctuations caused by the 
pressure of the fluid from one pump being greater than 
the fluid from another pump. This system also controls 
the composition and pressure of the mixture while 
avoiding backftow problems by controlling the rate of 
pumping of each of the fluids forming the composition. 

Preferably, syringe type pumps are utilized in which 
the rate of movement of the syringe type pump is con- 
trolled in accordance with the amount of fluid to be con- 
tributed to the mixture. However, the elasticity or 
compressibility and mobility of the fluid within syringe 
pumps makes it difficult to avoid backflow into one of the 
pumps during pressurization. It is more difficult if the 
timing has to be controlled and no significant pressure 
anomalies are allowable. 

In operation, the primary fluid is first pumped with 
the valves communicating with the inlet and outlet ports 
of the column or extraction vessel closed. If only one 
fluid is to be used, the upstream valve may be opened 
at the time the desired pressure is reached and then the 
downstream valve opened and the pump speed control- 
led thereafter Id maintain that pressure. The pump may 
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be controlled by a feedback circuit from a transducer in 
the flow stream that measures the pressure at which the 
fluid is being delivered. 

When a plurality of different fluids are being 
pumped into the mixture to form the final composition of s 
fluids, the system is pressurized first with the primary 
fluid and the upstream and downstream valves to the 
column or extraction vessel closed. The valve upstream 
to the column or extraction vessel is then opened and 
the system repressurized with the primary fluid. The io 
valve upstream to the column or extraction vessel is 
opened manually in some embodiments and automati- 
cally in others by sensing the stabilization of the rate of 
change of pressure or that the magnitude of the pres- 
sure error is less than a threshold value. is 

When the valve to the pressure vessel or chromato- 
graphic column or other receiving unit is opened, a dip 
in pressure may be sensed in the primary fluid flow 
path. This instability is cured by controlling the pump 
speed of the primary pump before other pumps begin 20 
increasing their pressure. In a completely manual sys- 
tem, when the pressure returns to the programmed 
pressure, the other pumps may be increased to a level 
slightly below the level of the flow stream. However, this 
step may be made automatic by sensing the dip in pres- 25 
sure and starting to increase the pumping rate of other 
pumps at a time after the dip is sensed when the rate of 
change of pressure has stopped and the pressure of the 
primary liquid has increased to a level pressure at the 
programmed value of pressure. so 

Because each conduit from each pump is closed by 
a check valve when the pressure downstream of the 
check valve exceeds the upstream pressure, flowback 
from the pressurized main flow stream into the lower 
pressure conduits between the other pumps and the 35 
check valves upstream of them is avoided, thus reduc- 
ing the danger of instability of the flow stream by the 
back flow from the primary pump. The check valves also 
prevent inadvertent mixing of the different solvents. 

When the flow stream from the secondary pump is 40 
stabilized at the lower pressure, a pressure ramp is 
started to increase the pressure in the pressure control 
mode until the associated flow rate is established and 
then the second pump is switched to the flow rate con- 
trol mode at that flow rate. 45 

The offset of the ramp is established by sampling 
the pressure and holding it so that it is based on the 
starting pressure. The slope of the ramp is chosen to be 
as slow as is practical to prevent overshoot when the 
check valve opens but fast enough to match the pres- so 
sures in a reasonable time compared to the extraction 
or analysis time. The time required is dependent on the 
accuracy or degree of matching between pressure 
transducers. 

Once established, the pressure ramp if permitted to 55 
continue rising with this slope until equilibrium is 
reached at which time the check valve opens and the 
proper flow ratio (or composition) is established. 
Because the liquid from the pump is restrained by the 



pressure on the opposite side of the check valve with a 
pressure developed by the primary fluid, the pressure 
builds quickly to equilibrium at which time the check 
valve opens. This process is repeated for any other 
pumps in the system until liquid from each of the pumps 
is at the programmed pressure and composition. This 
means of pressure equilibration can also be used to 
match pressures of pumps for smooth changeover from 
one pump to the next in a continuous flow, controlled 
flow rate or controlled pressure system, of constant 
composition. 

To achieve a higher degree of matching, the pres- 
sure tansducers should be calibrated for the specific 
operating conditions. This calibration can be performed 
manually or automatically. In the above description of 
the pressure equilibration, after the check valve at the 
outlet of the secondary pump opens, the two pump 
pressures are known to match. At this point the pres- 
sure signals can be compared to provide a correction 
factor which is used in later equilibrations to match the 
transducer signals and thus shorten the equilibration 
time. 

An alternate method of equilibrating the pressure 
and calibrating the transducer signals of a multiple 
pump system to match each other is to simultaneously 
deliver fluid from all pumps in the system until all check 
valves are open with fluid flowing. It can be determined 
when sufficient fluid to open the check valve has been 
pumped from each pump because the starting pres- 
sure, volume, and characteristics of the fluid in each 
pump are known. Until the check valve opens, the pump 
is compressing the fluid in a closed space. After the 
check valves open, all pumps are at the same pressure. 
At this point, the pressure signals can be compared to 
determine the correction factor or factors which will 
match the signals. The transducers may be calibrated at 
any time the check valves are known to be open with 
fluid flowing. 

Still another method of equilibrating the pressures 
and calibrating the transducer signals of a multiple 
pump system to match is to connect temporarily the 
transducers by a common fluid path to force the pres- 
sures to match with a manual or automatic valve and 
opening it at the time it is desired to match the pressure 
signals. With matching pressures, the pressure correc- 
tion factor is calculated. 

Once all of the pumps have been brought on 
stream one by one to the controlled composition, the 
concentration and pressure of the liquid flowing into the 
column or extraction vessel are maintained at the pro- 
grammed values by a feedback system. In a constant 
pressure mode of operation, a different flow rate control 
signal is developed for each pump to control the flow 
rate of that pump in proportion to the programmed con- 
centration. These signals are obtained from a single 
feedback signal representing system pressure that is 
compared to a setpoint signal representing the pro- 
grammed pressure to generate an error signal. This 
error signal is used to generate the different flow rate 
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signals for each pump by multiplying it by a flow rate fac- 
tor under the control of the gradient programmer. 

In the preferred embodiment, the system pressure 
signal during the chromatographic or extraction run is 
determined from the transducers in each of the conduits 
between the outlets of the pumps and the check valve 
for the conduits although it could be obtained from a sin- 
gle transducer connected directly in line with the column 
or extraction vessel. However, transducers are used in 
each conduit associated with each pump between the 
pump's outlet and its check valve during the time period 
that the pumps are being brought on line and it is eco- 
nomical to use the same transducers rather than adding 
an additional transducer. 

Any pressure transducer that is connected to the 
fluid mixer can be used to measure the system pres- 
sure. Therefore, any transducer whose associated 
check valve is open could accurately represent pres- 
sure. Because of the danger of that check valve closing 
at a low flow rate, it is preferable to use all available 
transducers to represent system pressure. 

To use the transducers associated with each pump 
to generate a single system pressure, each signal from 
a transducer is multiplied by a factor representing the 
programmed percentage of the fluid in the conduit that 
the transducer is measuring and the multiplied signals 
are added to generate the system feedback pressure 
signal. In this manner, the feedback system permits 
control of both the pressure and the concentration of the 
liquid supplied to the column or extraction vessel with 
pressure transducers in the flow path that includes the 
pump outlet and the check valve for that pump. 

From the above description, it can be understood 
that the fluid delivery system of this invention has sev- 
eral advantages, such as: (1) it is relatively inexpensive 
because it utilizes a minimum number of transducers of 
ordinary accuracy; (2) it provides stable pressure con- 
trol and controlled composition of fluids; (3) it avoids 
backflow into a pump caused by mixing at high pres- 
sure; (4) it avoids stoppage of the flow by uneven pres- 
sure on the downstream side of check valves; (5) it 
permits differential pumping to control both rate of flow 
and composition of the mixed stream of fluids; and (6) it 
permits continuous flow from automatically refilling mul- 
tiple syringe pumps without pressure or flow distur- 
bance when switching from one pump to the next. 

The above-noted and other features of the invention 
will be better understood from the following detailed 
description when considered in connection with the 
accompanying drawings, in which: 

FIQ. 1 is a block diagram of a multi^luid supply sys- 
tem connected to a fluid receiving unit; 
FIG. 2 is a block diagram of a controller used in the 
multiple fluid control system of FIQ. 1 ; 
FIQ. 3 is a block diagram of a typical unit for receiv- 
ing and using the multiple fluids; 
FIQ. 4 is a block diagram of a pumping system used 
in the embodiment of FIG. 1 ; 



FIG. 5 is a block diagram of another pumping sys- 
tem usable in the embodiment of FIG. 1; 
FIG. 6 is a block diagram of a portion of the control- 
ler of FIG. 1; 

5 FIG. 7 is a block diagram of another portion of the 

controller of FIG. 1 ; 

FIQ. 8 is a block diagram of still another portion of 
the embodiment of FIG. 1 ; 
FIG. 9 is a block diagram of a pump usable in the 
10 embodiment o1 FIG. 1; 

FIG. 10 is a schematic diagram of a portion of the 
pump of FIG. 9; 

FIQ. 11 is a block diagram of a pump control system 
usable in the embodiment of FIG. 9; 

15 FIG. 12 is a schematic flow diagram of another 
embodiment o1 fluid flow system useful in the multi- 
fluid supply system of FIG. 1 ; and 
FIG. 13 is a schematic flow diagram of still another 
embodiment o1 fluid flow system useful in the multi- 

20 fluid supply system of FIG. 1 . 

In FIQ. 1 , there is shown a block diagram of a sep- 
arating system 10 having a controller 12, a concentra- 
tion programmer 1 4, a fluid supply system 1 6, and a unit 

25 18 that receives the mixture of fluids, which unit 1 8 may, 
for example, be a supercritical fluid chromatographic 
system or supercritical fluid extractor. The fluid delivery 
system including the concentration programmer 14. the 
controller 12, and the fluid supply system 16 are princi- 

30 pally adapted to supply either a single fluid or a plurality 
of fluids to the receiving unit 18 while controlling the 
pressure and concentration of the components of the 
mixture. 

The concentration programmer 14 supplies signals 

35 indicating the concentration of the individual compo- 
nents and is programmed to provide a change in com- 
ponents in the stream from the fluid supply system 1 6 at 
a controlled pressure. Suitable concentration program- 
mers are known in the art and the concentration pro- 

40 grammer 14 is not by itself a part of the invention except 
insofar as it cooperates as a gradient programmer with 
the controller 12 and fluid flow system 16. It is pro- 
grammed to provide timed signals indicating the per- 
centage composition, which in the preferred 

45 embodiment are digital although many analog gradient 
programmers are known. If an analog system is used, of 
course, a compatible interface will be necessary to con- 
nect it to the controller 12. Similarly, there are many 
supercritical flow extraction systems and chromato- 

so graphic systems known in the art. 

The fluid supply system 18 receives signals from 
the controller 12 which indicate the pumping rate to be 
utilized for each of the fluids being mixed, mixes the flu- 
ids and sends them to the unit 18. Signals are transmit- 

65 ted from the fluid supply system 16 to the controller 12 
indicating any unequal pressure in lines from the indi- 
vidual fluids before they are mixed and the pressure in 
each line when it is in a steady condition. In this manner, 
the flow rates are maintained in proportion and at a pre- 
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selected total amount even for compressible fluids while 
the pressure of the mixed flow stream is maintained 
constant. 

The fluid supply system 16 includes first, second 
and third pumping systems 20. 22 and 24 and a mixer 5 
26. Each of the pumping systems has an output line 
which communicates with the mixer 26, and the mixer 
26 has an output line which communicates with the unit 
IS. The pumping systems 20, 22 and 24 receive electri- 
cal signals from the controller 1 2 to control the flow rate, 
and supply pressure signals from pressure transducers 
back to the controller 12. While three pumping systems 
are shown in FIG. 1 for explanation, any number of such 
systems may be used. 

With this arrangement, the pumping systems 20, 22 
and 24 are each controlled as to their flow rate so that 
the stable operating pressure into the mixer 26 beyond 
the pumping systems is controlled in such a way that 
one pump at a time is brought up to the operating pres- 
sure. The operating pressure, pump by pump, is sensed 
by changes in the pressure signal fed bacic to the con- 
troller 12. 

In FIG. 2, there is shown a block diagram of the 
controller 12 having a pressure control circuit 30, first, 
second and third pump control circuits 32, 34 and 36, a 
concentration and flow rate control circuit 38 and a pres- 
sure and mode selection circuit 40. The concentration 
and flow rate control circuit 38 receives signals from the 
concentration programmer 14 (FIG. 1), from the pres- 
sure control circuit 30, and from the pump control cir- 
cuits 32, 34 and 36 which signals are used to control the 
flow rate of the pumps. To control the flow rate, the con- 
centration and flow rate control circuit 38 is also con- 
nected to the pumps to supply signals controlling the 
pumping rate and to receive feedback pressure signals. 

The concentration and flow rate control circuit 38 
may be adjusted either automatically such as under 
computer control or manually by switches: (1) to select 
certain pumps that are to operate independently of the 
other pumps or of pressure control; or (2) to ramp the 
pressure of the pumps at a fixed flow rate until they are 
pumping at the desired back pressure under constant 
flow rate conditions for stability purposes and to cause 
the pumps to be controlled by feedback related to final 
pressure and final ooncentration from the pump after 
the desired backpressure is reached. 

The pressure mode selection circuit 40 is con- 
nected to the pump control circuits 32. 34 and 36 to 
select conditions such as pre-pressurized conditions or 
a back pressure that tracks the back pressure of a first 
master pump or to ramp to the pressure of a first pump. 
This pressure mode selection circuit 40 is able to con- 
nect any of these outputs and certain set point feedback 
signals to the pump control circuits 32, 34 and 36. For 
this purpose, the pressure and mode selection circuit 40 
includes a pressure dip detector 50, a system pressure 
set point 42, an individual pump pressure set point 44, a 
first mode selection switch 46 and a second mode 
selection switch 46. In the preferred embodiment, pres- 



sure mode selection circuit 40 is implemented digitally. 

The pressure dip detector 50 is electrically con- 
nected to receive changes in pressure from the pump 
control circuit 32 to receive sudden dips in pressure 
indicating the opening of the valve to the column or 
extraction vessel. This signal may be detected either on 
a meter or other instrument or automatically and used to 
determine the timing of institution of a fixed pressure 
ramp by additional pumps rather than the primary pump 
that initially pressurized the system. The mode selection 
switches 46 and 48 are respectively connected to pump 
control circuit 34 and pump control circuit 36 and are 
setable in either of three positions, which are: (1) a pre- 
pressurized position in which they are held at a low 
value of pressure; (2) a position in which they are con- 
nected to a signal representing a value lower than the 
pressure at the output of the master control pump as 
controlled by the pump control circuit 32 to track that 
pressure but at a lower pumping pressure; and (3) a 
position in which they are controlled by a pressure 
increase ramp used when the outlet pressure of the 
pump is being brought to system pressure. 

In FIG. 3, there is shown a flow diagram of the fluid 
receiving unit 1 8 having an upstream valve 60. a super- 
critical fluid chromatographic system or supercritical 
fluid extraction system 62 and a downstream valve 64 
with the supercritical fluid chromatographic system or 
supercritical fluid extraction system 62 communicating 
with both the upstream valve 60 and the downstream 
valve 64. The upstream valve 60 has its inlet port con- 
nected to the outlet port of the mixer 26 (FIG. 1) and its 
outlet port connected to the inlet port of the supercritical 
fluid chromatographic system or supercritical fluid 
extraction system 62. 

With this arrangement, the pressure-controlled 
stream is blocked by the upstream valve 60 until ttie pri- 
mary pump is pressurized, at which time it is opened, 
but the downstream valve 64 remains closed until the 
extraction vessel or the chromatographic column is also 
pressurized and then finally the downstream valve 64 is 
opened to permit the flow of the fluid to achieve separa- 
tion within the system 62. After flow is established, any 
secondary pumps are brought up to pressure and mix- 
ing is begun. 

The supercritical fluid extraction system may be the 
system disclosed in U.S. application 07/553,119 filed 
July 13, 1990, and assigned to the same assignee as 
this application. The pumps may be the pumps dis- 
closed therein and more specifically, the supercritical 
fluid extractor sold under the trademark SFX 2-10 man- 
ufactured by Isoo, Inc., P.O. Box 5347, 4700 Superior 
Street, Lincoln, Nebraska, 66504 U.S. A. and the 
100D/260D syringe pumps sold by Isoo. Inc., P.O. Box 
5347, 4700 Superior Street. Lincoln. Nebraska. 

In FIG. 4, there is shown a fluid diagram of the 
pumping system 20 having a first pump 70, a fluid 
source 72, a pressure transducer 74, a check valve 76 
and a conduit 62. The pump 70 is electrically connected 
to the controller 12 (FIG. 1) through conductor 60 to 
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receive signals controlling its pumping rate and to the 
fluid source 72 containing a first or primary fluid tliat It 
pumps through the conduit 82. The pressure transducer 
74 communicates with the fluid in the conduit 82 to 
measure the pressure of the fluid and applies a signal 
through conductor 78 representing this line pressure. 
The conduit 82 also communicates with Xhe checl^ valve 
76 to permit flow through the outlet line 82 to the mixer 
26 (FIG. 1) but to prevent flow from the line 82 back to 
the pump 70. 

With this arrangement, the pressure transducer 74 
provides an electrical signal as a feedback signal on 
conductor 78 back to the controller 12 (FIG. 1) and 
receives signals from the controller 12 through conduc- 
tor 80 to control the amount of fluid pumped to the mixer 
26 (FIG. 1). The feedback signal is used to closely con- 
trol the pumping rate of the pump 70 so as to pressurize 
the system and form one component of the gradient 
applied through the valves to the supercritical fluki chro- 
matograph or supercritical fluid extractor. 

In FIG. 5, there is shown a flow diagram of the 
pumping system 22 having a pump 90, a fluid source 
92, a pressure transducer 94, a check valve 96 and a 
conduit 102. This pumping system is identical to the 
pumping system 24 (FIG. 1] and only the pumping sys- 
tem 22 will be described. The pumping system 24 and 
any additional pumping systems that are to be control- 
led and contribute fluid to the mixer 26 (FIG. 1) are con- 
nected in the same manner and operate in a manner 
analogous to the pumping system 22. 

In this system, the pump 90 receives a signal from 
the controller 12 (FIG. 1) on conductor 104 controlling 
the rate at which it pumps and provides a feedback sig- 
nal on conductor 106 indicating the actual pumping rate 
to the controller 12. It supplies its fluid from the fluid 
source 92 through the conduit 102 that communicates 
with the pressure transducer 94 and the check valve 96 
to the fluid source 92 for application to the mixer 26 
(FIG. 1) in a manner similar to the manner that the fluid 
in conduit 82 (FIG. 4) communicates with the pressure 
transducer 74 and the check valve 76. 

To supply information concerning the pressure in 
conduit 102, the pressure transducer 94 supplies sig- 
nals through conductors 98 and 100 (FIG. 1) represent- 
ative of the pressure in the line 102 to the controller 12 
(FIG. 1) for use in the control of the pumping speed of 
the pump 90 to properly represent the amount of fluid 
from the fluid source 92 that is to be supplied to the 
mixer 26 (FIG. 1) to maintain the proper concentration 
of fluids and the proper pressure. 

In FIG. 6, there is shown a block diagram of the 
concentration and flow rate control circuit 38 having 
first, second and third concentration multipliers 110,112 
and 1 14. first and second flow rate sample and hold cir- 
cuits 116 and 1 18 and first and second flow rate input 
switches 120 and 122. The first flow rate input switch 
120 controls the second pump and the second flow rate 
input switch 122 controls the third pump. In the pre- 
ferred embodiment, the switches and concentration 



multipliers are implemented digitally 

To control the first, second and third pumps, the first 
concentration multiplier 110 is electrically connected to 
the conductor 148, the movable armature of the three- 

5 position first flow rate input switch 120 is electrically 
connected to conductor 150 and the movable armature 
of the second three-position flow rate input switch 122 is 
electrically connected to conductor 152. These conduc- 
tors provide flow rate input signals to the pumping sys- 

10 terns 20, 22 and 24 (FIG. 1) to control the pumping rate 
when the first flow rate input switch and the second flow 
rate input switch 120 and 122 respectively are con- 
nected to the first position to receive signals from the 
pump control circuits 34 and 36 respectively (FIG. 2) on 

15 conductors 156 and 154 respectively related to the 
pressure error between the measurement provided by 
their respective pressure transducers and pressure set 
points for the pre-pressure stage to be described here- 
inafter. This signal indicates the required flow rates to 

20 maintain the respective pressures with zero en-or. 

In the second position of the switches, the arma- 
tures of switches 120 and 122 each receive a different 
ramping signal from the sample and hold circuits 116 
and 118 respectively which ramping signal causes the 

25 corresponding one of the pumping systems 22 and 24 
to ramp up to the final system pressure. In the third posi- 
tion, the armatures receive the flow rate from their 
respective one of the concentration multipliers 112 and 
114 required to provide the programmed concentration. 

30 These signals will be described hereinafter. 

When the movable armature of the three-position 
switches 120 and 122 are in their second position, the 
conductors 150 and 152 apply signals to their respec- 
tive pumping system 22 and 24 (FIG. 1) equivalent to 

35 the pressure ramp pumping rates applied by the flow 
rate sample and hold circuits 1 1 6 and 1 1 8 which store 
those signals from output conductors 150 and 152 con- 
nected respectively to the pumping systems 22 and 24. 
When the three-position switches 120 and 122 

40 have their movable armatures connected to the third 
contact of the switch, the conductors 150 and 152 apply 
a signal from the concentration multipliers 112 and 114 
respectively to control the pumping rate of the pumping 
systems 22 and 24 respectively The concentration mul- 

45 tipliers 112 arxi 114 are electrically connected to con- 
ductor 158 which is also connected to the concentration 
multiplier 110. 

To provide signals for the separate pump flow rate, 
the conductor 158 is connected to the concentration 

50 multipliers 110, 112 and 114 to which it supplies the 
total flow rate signal necessary to maintain the pro- 
grammed system pressure. This total flow rate signal 
sets the separate pump flow rates in conjunction with all 
three concentration multipliers to which it is connected. 

55 For this purpose the three concentration multipliers are 
also connected to receive their respective concentration 
signals on the corresponding one of the conductors 
130, 132 and 134. Thus, the output signals from the 
three position switches when in the third position supply 
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signals through conductor 148 to control the pumping 
system 20 (FIG. 1), conductor 150 1o supply signals to 
the pumping system 22 and conductor 152 to supply 
signals to the pumping system 24. 

The concentration multipliers 110. 1 12 and 1 1 4 cal- s 
culate the signals to be applied to their output conduc- 
tors and eventually to the respective pumps they control 
by multiplying signals on conductors 130, 132 and 134 
respectively supplied by the concentration programmer 
14 (FIG. 1) indicating the percentage of the final flow io 
stream that is to be pumped by each of the pumping 
systems 20, 22 and 24 respectively. In this manner, 
eacli of the controllers supplies a signal controlling the 
respective pump so that it pumps a flow rate propor- 
tional to the fluid that is to be supplied to the mixer 26 is 
(FIG. 1) representing its portion of the final flow stream 
to be supplied to the unit 18 (FIG. 1). 

In FIG. 7, there is shown a block diagram of the 
pressure control circuit 30 having a pressure ramp gen- 
erator 160, a pressure sample and hold circuit 162, a so 
subtract circuit 164 and a system feedback pressure 
signal generator shown generally at 166, The system 
feedback pressure signal generator 166 receives sig- 
nals on conductors 130. 132 and 134 from the concen- 
tration programmer 1 4 (FIG. 1) indicating the proportion 25 
of fluids to be supplied to the final mixture, and receives 
signals on conductors 78, 98 and 1 08 from the pressure 
transducers in the fluid from the first, second and third 
pumping systems 20, 22 and 24. From these signals, 
the system feedback pressure signal generator 166 so 
generates and supplies a signal to conductor 1 70 as a 
system feedback signal to be compared to the reference 
pressure. This signal, together with the reference sig- 
nal, ultimately will control the pressure of the fluid being 
applied to the unit 18 and will play a role in the preser- 35 
vation of the programmed concentration. 

The subtract circuit 164 receives a signal on con- 
ductor 78 representing the pressure in the outlet line 
from the first pump 20, which is the primary fluid signal 
and subtracts a value which in the preferred embodi- 4o 
ment is 300 pounds per square inch. It supplies a signal 
representing this reduced value to conductor 1 72 which 
controls the other pumps during a start-up phase while 
the system is being brought up to pressure in a manner 
to be described hereinafter. 45 

This signal is supplied to the pressure san^ale and 
hold circuit 162 which samples and stores the signal 
and applies it to a pressure ramp generator 160, The 
pressure ramp generator 160 generates a constant rate 
ramp voltage during a second phase of the pressuriza- so 
Won cycle so that during a first phase there is a pre-pres- 
surisation with a low value on all of the pumps except 
the first pump which is coming up to pressure, a second 
phase in which the signal on conductor 172 increases 
the pressure on the other pumps up to a value 300 ss 
pounds per square inch lower than the pressure on the 
first pump's outlet line and then a final phase in which a 
ramp voltage from the pressure ramp generator 160 is 
applied through a conductor 174 to bring the other 



pumps up to pressure. 

To generate a signal representing system feedback 
tor conductor 1 70, the system feedback pressure signal 
generator 166 includes a summing circuit 180, first, sec- 
ond and third pressure multipliers 182. 184 and 186 
respectively, first and second detectors 188 and 190 
respectively and first and second first derivative genera- 
tors 192 and 194. 

To control the initiation of the gradient program, the 
first and second detectors 1 88 and 1 90 detect the deriv- 
atives of the signals in conductors 98 and 108 con- 
nected to the second and third pressure transducers, 
which derivatives are generated by the first and second 
first derivative generators 192 and 194 electrically con- 
nected to conductors 98 and 108 respectively and to the 
detectors 188 and 190. The outputs of these generators 
are supplied to the detectors 188 and 190 respectively 
and they provide signals on conductors 189 and 191 
respectively to the concentration programmer 14 (FIG. 
1) indicating the opening of the check valves in the out- 
let conduits from the second and third pumping systems 
22 and 24. 

Any pressure transducer that is connected to the 
fluid mixer can be used to measure the system pres- 
sure. Therefore, any transducer whose associated 
check valve is open could accurately represent pres- 
sure. Because of the danger of that check valve closing 
at a low flow rate, it is preferable to use all available 
transducers to represent system pressure. 

To use the transducers associated with each pump 
to generate a single system pressure, each signal from 
a transducer is multiplied by a factor representing the 
programmed percentage of the fluid in the conduit that 
the transducer is measuring and the multiplied signals 
are added to generate the system feedback pressure 
signal. In this manner, the feedback system permits 
control of both the pressure and the concentration of the 
liquid supplied to the column or extraction vessel with 
pressure transducers in the flow path that includes the 
pump outlet and the check valve for that pump. 

For this purpose, the pressure multipliers 182, 184 
and 186 receive the pressure signals from conductors 
78, 98 and 108 representing pressure in the conduits 
from the first, second and third pumping systems 20, 22 
and 24 and multiply these signals by the proportion of 
fluids programmed to be in the final stream as repre- 
sented by signals on conductors 130, 132 and 134 
applied to the multipliers 182, 184 and 186. The outputs 
from these multipliers are summed in the summing cir- 
cuit 180 resulting in the output signal on conductor 170 
representing a value of feedback pressure that contains 
within it a component related to the fluid as measured in 
the outlet lines from each of the pumping systems 
before they are applied and combined in the mixer 26 
(FIG. 1). 

In this manner, variations in any one of the outlet 
lines from any one of the pumps results in a correspond- 
ing representative change in the feedback signal 1 70 so 
that the pumping systems correct for the drop in pres- 
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sure. This enables the system to control the pressure to 
the unit 18 (FIG. 1) without using a separate feedback 
transducer downstream of the mixer 26 (FIG. 1) and yet 
maintains the concentrations at the programmed value. 

In FIG. 8. there is shown a pump control circuit 32 s 
having a comparator 202 and a feedback filter 204. The 
comparator 202: (1) receives a signal representing sys- 
tem feedbacl< on conductor 1 70 from the summing cir- 
cuit 1 80 (FIG. 7) in the system feedback pressure signal 
generator 166 (FIG. 7); (2) receives a signal represent- io 
ing the set pressure voltage on conductor 200 from the 
pressure system voltage at 42; (3) compares the two 
signals; and (4) generates an error signal representing 
the difference between the two signale. 

The error signal from the comparator 202 is applied is 
through the filter 204, which is for a second-degree 
feedback circuit, to conductor 80 for application to the 
pump system 20 (FIG. 1). This is one of three pump 
control circuits, 32, 34 and 36 (FIG. 2) each of which 
receives a feedback signal. The pump control circuit 32 20 
receives the system pressure signal on conductor 170 
and the pump control circuits 34 and 36 (FIGS. 2) each 
receive a corresponding signal from the corresponding 
pressure transducer in the corresponding conduit with 
which it is associated and transmits its corresponding 25 
feedback signal to its corresponding one of the pumping 
systems. 

The pump control circuits 34 and 36 (FIG. 2) trans- 
mit their feedback signals through selector switches 46 
and 48. The comparison feedback signal is received 30 
from switches 46 and 48 so that it receives in one posi- 
tion the pre-pressure potential, in another position the 
difference between the measured pressure from the 
transducer in the first conduit 82 (FIGS. 1 and 4) minus 
300 pounds per square inch and in the final position ss 
receives the ramp potential on conductor 174 from the 
pressure ramp generator 160 (FIG. 7). 

In FIG. 9, there is shown a block diagram of the 
pump 70 having a pump interface 230 and a pump and 
pump drive circuit 232. The pump interface 230 receives 40 
a signal on conductor 234 indicating the programmed 
flow rate and provides an outlet signal on conductor 236 
indicating the actual flow rate from the pump 70. 

The pump interface 230 transmits signals to the 
pump and pump drive circuit 232 indicating the position 4S 
to which the rotary punp motor is to move to provide 
position control over the drive of the pump. Fluid is 
pumped in response to that signal through a conduit 
238. The drive signal to cause the pump to pump liquid 
is applied to the pump and pump drive circuit 232 by the so 
pump interface 230 through conductor 238. 

To match the pump drive supply voltage to the 
motor speed, a signal is applied through conductor 240 
when the required speed increases above a threshold 
value. This signal increases the voltage to the pump and 55 
pump drive circuit 232. As the pump pumps liquid 
through the conduit 238 under the control of the pump 
and pump drive circuit 232, the movement of the rotary 
motor of the pump results in changing position feedback 



signals on conductors 242 and 244 indicating the posi- 
tion of the motor to the pump interface 230 which com- 
pares it to the programmed position for the programmed 
amount of liquid to be pumped and adjusts the power to 
a power amplifier that applies power to the pump motor 
to control the pumped liquid to follow the programmed 
flow rate. 

In FIG. 10, there is shown a pump and pump drive 
circuit 232 having a power amplifier 210, a motor 212, a 
quadrature position encoder 214, a gear reduction 216, 
a piston 218 and a cylinder 220. The power amplifier 
210 receives signals on conductor 238 and uses them 
to energize the motor 212. The motor 212 drives the pis- 
ton 218 into the cylinder 220 to pump liquid. 

The quadrature position encoder 214 develops sig- 
nals which it transmits on conductors 242 and 244 to the 
pump interface 230 (FIG. 9) as a position feedback sig- 
nal. The pump interface 230 (FIG. 9) compares this sig- 
nal to the input position signal and develops an error 
signal which is utilized to maintain the pump at the pro- 
grammed speed. The gear reduction 216 connects the 
D.C. motor 212 to the piston 218 and includes a trans- 
mission of any conventional form to tranmit the motion 
with increased force and a ball screw linear actuator to 
drive the pison. 

The power amplifier 210 operates in two regions 
determined by the voltage applied to it by the power 
supply 222. In one region the power supply 222 pro- 
vides it with 40 volts and in the other region it is supplied 
by the power supply 222 with 80 volts. The bias voltage 
is connected to a two-position switch 224 controlled by 
a relay 248 in response to a signal from the pump inter- 
face 230 indicating that the motor speed is going from 
one region to another. 

In FIG. 1 1 , there is shown a block diagram of the 
pump interface 230 having a motor position set point cir- 
cuit 250, a quadrature detector and up/down counter 
252, a comparator 254 and a motor position control 
input signal circuit 256. These circuits are connected 
together to receive information concerning the pumping 
rate and provide signals that control the pump and 
pump drive circuit 232 (FIG. 9) in response thereto. 

To determine the power that must be applied to the 
pump motor 212 (FIG. 10) to drive the pump piston 218 
(FIG. 10) at the proper speed for the desired flow rate, 
the motor position set point circuit 250 receives a signal 
indicating the programmed flow rate on conductor 234 
and calculates the motor angular position set point from 
it. This value is applied to the comparator 254. The 
quadrature detector and up/down counter 252 receives 
signals indicating the measured motor position from the 
quadrature position encoder 214 (FIG. 10) on conduc- 
tors 242 and 244 and applies a signal indicating that 
position to the comparator 254, which compares the 
programmed set point with the position of the pump and 
provides a position error to the motor position control 
circuit 256. 

To control the power applied to the motor 212 (FIG. 
10) the motor position control circuit 256: (1) receives a 
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position error from comparator 254; (2) receives the out- 
put from the quadrature detector and up/down counter 
252; and (3) provides the gain signal on oonductor 238 
to the power amplifier 210 (FIG. 10) and a signal on 
conductor 240 to control the relay 248 (FIG. 1 0). 

To calculate the motor position set point, the motor 
position set point circuit 250 includes a means for devel- 
oping a signal indicating the programmed direction for 
flow 260, a means for developing a signal indicating the 
absolute value of flow 262, a means for determining the 
number of clock periods per position increment 264, a 
clock pulse generator 272, a divider 266 and an 
up/down counter 270. The flow rate input signal on con- 
ductor 234 results in a signal indicating the direction of 
flow, and this signal is applied to the up/down counter 
270 to determine whether the pulses should be counted 
up or down to result in the motor angular position set 
point on conductor 172. The absolute value from the 
flow rate input on corvJuctor 234 is determined in terms 
of position increment rate and digitally applied to the 
means for calculating the clock periods per position 
increment 264. 

To calculate the clock periods per position incre- 
ment, the inverse of the flow rate magnitude such as the 
number of minutes per liter of flow is multiplied by the 
number of clock periods per minute supplied by the 
clock 272 and the product of this multiplication is multi- 
plied by the number of liters of liquid pumped per posi- 
tion increment of the pump. In the preferred 
embodiment, the calculations are made on digital sig- 
nals by a computer program, but circuitry such as that 
shown in the blocks could be used. The clock divider 
consists of two stages of which the first is hardware and 
the second computational. 

Instead of a hardware multiplier, a computer pro- 
gram is used in the preferred embodiment, but hard- 
ware multipliers, dividers and up/down counters are 
known in the prior art and could be used instead. The 
computer used in the preferred embodiment is an Intel 
80 106KB- 12 microprocessor manufactured and sold by 
Intel Corporation, 3065 Bowers Avenue, Santa Clara, 
California 95051. (Intel is a trademark of Intel Corpora- 
tion. The module used to implement the operation 
related to this invention is attached hereto as appendix 
A. 

To determine the motor angular position setpoint 
from the clock periods per position increment 264, the 
output from a clock pulse generator 272. which In the 
preferred embodiment is a six megahertz clock, is 
divided by the output of the computer 264 representing 
the clock periods per position increment supplied to a 
divider 266 to divide the output of the six megahertz 
clock 272 by the number of clock periods per position 
increment 264. This signal is totaled by up/down com- 
puter 270 and supplied to the comparator 254. 

To develop a signal indicating the motor angular 
position feedback for the motor 212 (FIG. 10), a conven- 
tional quadrature detector and up/down counter 252 
receives signals on conductors 242 and 244 and con- 



verts them to the motor angular position feedback for 
application to the comparator 254. 

To generate a signal indicating the motor drive 
input, the motor position control circuit 256 includes a 

5 feedback circuit 268. a gain multiplier 286. a threshold 
detector 290 and a first derivative generator 288. The 
feedback circuit 268 is connected to the comparator 254 
to receive an error signal and is connected to the gain 
multiplier 286 so that the gain multiplier 286 provides a 

10 signal 238 for application to the power amplifier 210 
(FIG. 10). The gain multiplier 286 is electrically con- 
nected to the ouput of the threshold detector 290 to 
change the region or level of gain depending on whether 
the conductor 240 applies a signal on conductor 240 Id 

15 increase the bias of the power amplifier 2 1 0 or decrease 
it as described in connection with FIG. 10. This keeps 
the overall loop gain constant. 

The first derivative generator 288 has its input elec- 
trically connected to the output of the quadrature detec- 

20 tor and upAdown counter 252 to receive a pulse count 
indicating the angular position of the motor 212 (FIG. 
10) and to generate a signal indicating the flow rate 
therefrom. This signal is applied to conductor 236 as a 
feedback signal and to the threshold detector 290. The 

25 threshold detector 290 provides a signal to conductor 
240 when its threshold is exceeded, and its threshold in 
the preferred embodiment is set to be larger than one- 
half the maximum speed of the motor 212. 

In operation, the primary fluid is first pumped by the 

30 primary pumping system 20 (FIG. 1) to pressurize the 
system at start up while both valves 60 and 64 (FIG. 3) 
commuicating with the inlet and outlet ports of the col- 
umn or extraction vessel are closed. If only one fluid is 
to be used, the valve 60 (FIG. 3) may be opened at the 

35 time the desired pressure is reached followed by the 
valve 64 (FIG. 3) after the system is pressurized and the 
pump speed controlled thereafter to maintain that pres- 
sure. The pump may be controlled by a feedback circuit 
from a pressure transducer 74 (FIG. 4) in the flow 

40 Stream that measures the pressure at which the fluid is 
being delivered. 

When a plurality of different fluids are being 
pumped into the mixer 26 (FIG. 1) to form the final com- 
position of fluids, the system is pressurized first with the 

45 primaryf luld while the valve 60 (FIG. 3) to the column or 
extraction vessel is closed. The valve 60 to the column 
or extraction vessel is then opened and the system 
repressurized with the primary fluid. The valve 54 (FIG. 
3) to the column or extraction vessel outlet is opened 

50 manually in some embodiments and automatically in 
others. For automatic opening, stabilization of the pres- 
sure is sensed when the magnitude of the pressure 
error is less than five psi. For manual operation, the 
detector may be a lamp or other annunciator. In the pre- 

55 ferred embodiment, this function is performed by a com- 
puter control system that detects the signal as 
described above in connection with FIG 1. 

When the valve 60 (FIG. 3) to the pressure vessel 
or chromatographic column or other receiving unit 18 
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(FIGS. 1 or 3) is opened, a dip in pressure may be 
sensed in the fluid path through which the primary fluid 
is flowing. This instability is cured by oontrolling the 
pump speed of the primary pump before other pumps 
begin increasing their pressure. In a completely manual 5 
system, when the pressure returns to the programmed 
pressure, the other pumps may be increased to a level 
slightly below the level of the flow stream. However, this 
step may be made autDmatic by sensing the dip in pres- 
sure and starting to increase the pumping rate of other 10 
pumps at a time after the dip is sensed when the pres- 
sure of the primary liquid has increased to a level pres- 
sure at the programmed value of pressure. 

Because each conduit from each pump is closed by 
a different one of the check valves such as 76 (FIG. 4] is 
and 96 (FIG 5) when the pressure downstream of the 
check valve exceeds the upstream pressure, f lowback 
from the pressurized main flow stream into the lower 
pressure conduits between the other pumps and the 
check valves upstream of them is avoided, thus reduc- 20 
ing the danger of instability of the flow stream by the 
back flow from the primary pump. 

When the flow stream from the secondary pump is 
stabilized at the lower pressure, the valve 64 (FIG. 3) is 
opened to cause fluid to flow through the supercritical 25 
system, and after flow is stable, a pressure ramp is 
started to increase the pressure until the primary and 
secondary pump pressures match. 

The offset or starting pressure of the ramp is estab- 
lished by sampling the primary pressure and holding it. 30 
The slope of the ramp is chosen to be as slow as is 
practical to prevent overshoot when the check valve 
opens but fast enough to match the pressures in a rea- 
sonable time compared to the extraction or analysis 
time. The time required is dependent on the accuracy or 35 
degree of matching between pressure transducers. If for 
example the transducers are matched to within five psi 
(pounds per square inch), the pressure ramp could rise 
by ten psi instead of 300 psi, resulting in much shorter 
equilibration time. 40 

Once established, the pressure ramp is permitted 
to corrtinue rising with this slope until equilibrium is 
reached at which time the check valve opens and the 
proper flow ratio (or composition) is established. 
Because the liquid from the pump is restrained by the 4s 
pressure on the opposite side of the check valve with a 
pressure developed by the primary fluid, the pressure 
builds quickly to equilibrium at which time the check 
valve opens. This process is repeated for any other 
pumps in the system until liquid from each of the pumps so 
is at the programmed pressure and composition. This 
means of pressure equilibration can also be used to 
match pressures of pumps lor smooth changeover from 
one pump to the next in a continuous flow, controlled 
flow rate or controlled pressure system, of constant 66 
composition. 

The ramp may be started under a pressure control 
mode and later continued by a flow control mode. The 
reason for switching of modes is that the pressure ramp 



is smoother in the constant flow rate mode which allows 
a more reliable detection of check valve opening. Once 
the pressure ramp has started under pressure control, it 
continues with the programmed slope until the flow rate 
which produces the desired ramp rate has been meas- 
ured. The pump then switches to constant flow mode at 
this measured flow rate and continues the ramp until 
equilibrium is reached at which time the check valve 
opens and the proper flow ratio (or composition] is 
established. 

Because the liquid from the pump is restrained by 
the pressure on the opposite side of the check valve 
with a pressure developed by the primary fluid, the pres- 
sure buikJs quickly to equilibrium at which time the 
check valve opens. The check valve opening is indi- 
cated by a flattening of the pressure ramp when the pis- 
ton begins pumping into the controlled pressure system 
instead of the sealed pump cylinder. This ramp rate 
change is sensed by first derivative generator 192 and 
detector 188 (FIG. 7). This process is repeated for any 
other pumps in the system until liquid from each of the 
pumps is at the programmed pressure. 

To achieve a higher degree of matching, the pres- 
sure transducers should be calibrated for the specific 
operating conditions. This calibration can be perfbrmed 
manually or automatically In the above description of 
the pressure equilibration, after the check valve at the 
outlet of the secondary pump opens, the two pump 
pressures are known to match. At this point the pres- 
sure signals can be compared to provide a correction 
factor which is used in later equilibrations to match the 
transducer signals and thus shorten the equilibration 
time. 

An alternate method of equilibrating the pressure 
and calibrating the transducer signals of a multiple 
pump system to match each other is to simultaneously 
deliver flukJ from all pumps in the system until all check 
valves are open with fluid flowing. It can be determined 
when sufficient fluid to open the check valve has been 
pumped from each pump because the starting pres- 
sure, volume, and characteristics of the fluid in each 
pump are known. Until the check valve opens, the pump 
is compressing the fluid in a closed space. 

After the check valves open, all pumps are at the 
same pressure. At this point, the pressure signals can 
be compared to determine the correction factor or fac- 
tors which will match the signals. The transducers may 
be calibrated at any time the check valves are known to 
be open with fluid flowing. This method may not be opti- 
mum in cases where the pumps are pumping different 
fluids and the initial composition of the solvent mixture 
must be known at all times. 

In FIG. 12. there is shown another embodiment of 
fluid flow system 16A having pumps 70 ad 90. fluid 
sources 72 and 92, valve 96, mixer 26A and pressure 
transducer 94A. In this embodiment, a plurality of 
pumps such as 70 and 90 can be equalized in pressure 
with a single pressure transducer 94 in the system if 
such transducer is connected on the downstream side 
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of the back flow preventing check valves as shown in 
FIG. 12. The primary solvent pump 70 which is pressu- 
rized first does not require a check valve. The second- 
ary and other pumps such as 90 have an outlet check 
valve such as 96 connected in series with the fluid path. 

Operation is begun by pressurizing the primary 
pump 70 with the secondary pump 90 at a low pressure, 
thus closing the secondary pump outlel check valve 96 
by pressure differential. The secondary pump pressure 
is then ramped to match the primary pump pressure in 
the manner described in the preceding paragraph. 

When the pressure matches, the check valve 96 
opens, releasing additional fluid flow into the mixer out- 
let. The increased flow results in a pressure fluctuation 
that is detectable by comparing the pressure to a value 
sampled before the perturbation or by detecting 
changes in the first or successive derivatives of pres- 
sure. This process is repeated for any other pumps in 
the system until all pumps are delivering at the pro- 
grammed pressure, flow or composition. 

In FIG. 13, there is shown still another fluid flow 
system 16B for equilibrating the pressures and calibrat- 
ing the transducer signals of a multiple pump system 
having having pumps 70 ad 90. fluid sources 72 and 92, 
valve 96, mixer 26A and pressure transducers 74 and 
94, valve 97 and mixer 26. In this embodiment, a plural- 
ity of transducer such as 74 and 904 can be matched by 
connecting temporarily the transducers by a common 
fluid path through valve 97 to force the pressures to 
match. The manual or automatic valve 97 is placed in a 
fluid path between the transducers and opened at the 
time it is desired to match the pressure signals. 

With or without fluid flowing, the pressures will 
match, at which time the pressure correction factor is 
calculated. The valve or valves are closed to allow vari- 
able ratios, or on the other hand, continuous flow off the 
fluids to be delivered. The transducer may be calibrated 
by opening the connecting valve at any time when it is 
acceptable to do so. This method may not be optimum if 
for some reason it is unacceptable to allow any solvent 
flow from one pump to the other when the valve is 
opened. 

Once all of the pumps have been brought on 
stream one by one to the controlled composition, the 
concentration and pressure of the liquid flowing into the 
column or extraction vessel are maintained at the pro- 
grammed values by a feedback system. In a constant 
pressure mode of operation, a different flow rate control 
signal is developed for each pump to control the flow 
rate of that pump in proportion to the programmed con- 
centration. These signals are obtained from a single 
feedback signal representing system pressure that is 
compared to a selpoint signal representing the pro- 
grammed pressure to generate an error signal. This 
error signal is used to generate the different flow rate 
signals for each pump by multiplying it by a flow rate fac- 
tor under the control of the gradient programmer. 

In the preferred embodiment, the system pressure 
signal during the chromatographic or extraction run is 



determined from the transducers in each of the conduits 
between the outlets of the pumps and the check valve 
for that conduit although it could be obtained from a sin- 
gle transducer connected directly in line with the column 

5 or extraction vessel. However, transducers are used in 
each conduit associated with each pump between that 
pump's outlet and its check valve during the time period 
that the pumps are being brought on line and it is eco- 
nomical to use the same transducers rather than adding 

10 an additional transducer. 

To use the transducers associated with each pump 
to generate a single system pressure, each signal from 
a transducer Is multiplied by a factor representing the 
programmed percentage of the fluid in the conduit the 

15 transducer is measuring and the multiplied signals are 
added to generate the system feedback pressure sig- 
nal. In this manner, the feedback system permits control 
of both the pressure and the concentration of the liquid 
supplied to the column or extraction vessel with pres- 

20 sure transducers in the flow path that includes the pump 
outlet and the check valve for that pump. 

From the above description, it can be understood 
that the multiple solvent delivery system of this invention 
has several advantages, such as: (1) it is relatively inex- 

25 pensive because it utilizes a minimum number of trans- 
ducers to supply control feedback for several pumps 
and also to control the pressure of a final mixed stream; 
(2) it provides both stable pressure control of the mix- 
ture of fluids and also control over the composition of 

30 the fluids; (3) it avoids backfflow into a pump caused by 
mixing at high pressure; (4) it avoids stoppage of the 
flow by uneven pressure on the down side of check 
valves; and (5) it permits differential pumping to control 
both rate of flow and composition of the mixed stream of 

35 fluids. 

While a preferred embodiment of the invention has 
been described with some particularity, many modifica- 
tions and variations in the system are possible within 
the light of the above teachings. It is therefore to be 
40 understood that, within the scope of the appended 
claims, the invention may be practiced other than as 
specifically described. 

Claims 

45 

1 _ A method of applying solvent to a fluid system com- 
prising applying a first fluid from a first pump (20) 1o 
a valve located upstream of the fluid system until 
pressure in the flow path reaches a predetermined 

50 setpoint pressure value characterized by controlling 
the pressure of the first fluid by a feedback circuit 
(30) from a transducer in the flow path between a 
second pump and the valve at said setpoint pres- 
sure; automatically opening said valve to permit the 

65 flow to the downstream side of said supercritical 
fluid system; and pumping fluid until pressure has 
stabilized and continuing the pumping until the 
supercritical process is completed. 
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A method according to claim 1 characterized in that 
said fluid downstream of said fluid system is 
blocked with a second valve; a second fluid is 
pumped to a pressure a predetermined increment 
of pressure below a preset pressure; said second s 
valve is opened; and the pressure of said second 
fluid is increased to said preset pressure value, 
wherein the pressure of said second fluid is control- 
led by a feedback system having a transducer in the 
flow path between the second pump and said first w 
valve. 

A method in accordance with either claim 1 or 2 
characterized by pumping the first and second flu- 
ids in either a constant flow mode or a constant is 

pressure mode after said first and second fluids are 
flowing and said second valve has been opened. 

A method in accordance with any of claims 1 - 3 
characterized by the substeps of multiplying pres- 20 
sure in a conduit between said second pump and 
said first valve by a programmed proportion of final 
fluid mixture to be sent to the supercritical system 
which is a ratio of said second fluid to the pro- 
grammed total fluid to form a product, comparing 25 
the product to the setpoint value and controlling the 
pumping rate of pumping of said first pump with an 
error signal from the comparison multiplied by the 
proportion of said first fluid to the total fluid to con- 
trol the second pump. 30 
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